
Magnesium, inflammation, and obesity in chronic disease

Forrest H Nielsen

About 60% of adults in the United States do not consume the estimated average
requirement for magnesium, but widespread pathological conditions attributed to
magnesium deficiency have not been reported. Nevertheless, low magnesium status
has been associated with numerous pathological conditions characterized as
having a chronic inflammatory stress component. In humans, deficient magnesium
intakes are mostly marginal to moderate (approximately 50% to <100% of the
recommended dietary allowance). Animal experiments indicate that signs of
marginal-to-moderate magnesium deficiency can be compensated or exacerbated
by other factors influencing inflammatory and oxidative stress; recent studies
suggest a similar happening in humans. This suggestion may have significance in
obesity, which is characterized as having a chronic low-grade inflammation
component and an increased incidence of a low magnesium status.
Marginal-to-moderate magnesium deficiency through exacerbating chronic
inflammatory stress may be contributing significantly to the occurrence of chronic
diseases such as atherosclerosis, hypertension, osteoporosis, diabetes mellitus, and
cancer.nure_293 333..340
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INTRODUCTION

Based on dietary intake recommendations, subclinical
or marginal magnesium deficiency commonly occurs
throughout the world. In the United States, the Food and
Nutrition Board1 set the estimated average requirement
(EAR) for magnesium at 255–265 mg/day for females
and 330–350 mg/day for males. Also in the United
States, data from the 2005–2006 National Health and
Nutrition Examination Survey (NHANES) indicated
that in about 60% of all adults the usual magnesium
intakes from food do not meet the EAR.2 In addition, it
is estimated that about 10% of adults older than 19 years
have magnesium intakes from food and water that are
about 50%2 of the US recommended dietary allowance
(RDA) of 310–320 mg/day for females and 400–420 mg/
day for males.1 Yet, widespread pathological conditions
attributed to dietary magnesium deficiency have not

been reported. As a result, an expert consultation for the
Food and Agriculture Organization/World Health
Organization concluded that evidence was lacking for
nutritional magnesium deficiency occurring with con-
sumption of diets supplying a range of magnesium
intakes, some of which contain considerably less than
the RDA for the United States and Canada as well as the
recommended nutrient intake for the United Kingdom.3

However, epidemiological and correlation studies indi-
cate that a low magnesium status is associated with
numerous pathological conditions, including atheroscle-
rosis,4,5 hypertension,4,6 osteoporosis,7 diabetes mellitus,8

and some cancers (colon, breast),9,10 which has resulted
in some individuals concluding that magnesium defi-
ciency is a greater nutritional problem than currently
recognized. Recent findings provide some possible
reasons for these divergent conclusions about the nutri-
tional importance of magnesium.
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INFLAMMATORY RESPONSE TO MAGNESIUM
DEFICIENCY IN ANIMALS

Most pathological conditions associated with a low mag-
nesium status have been characterized as having a
chronic inflammatory stress component.11,12 Over 75
years ago, evidence was presented that suggested magne-
sium deficiency results in an inflammatory response.13

Evidence obtained in the past 25 years, mostly from
animal experiments, has confirmed that severely limiting
magnesium intake to less than 10% of the requirement
results in an inflammatory response characterized by leu-
kocyte and macrophage activation, release of inflamma-
tory cytokines and acute-phase proteins, and excessive
production of free radicals or oxidative stress.14 Severe
human magnesium deficiency caused by low dietary
intake, based on dietary surveys, is unlikely; most people
will have intakes that meet at least 50% of the RDA.2

Moderate-to-marginal or subclinical (approximately 50%
to <100% of requirement) magnesium deficiency alone
apparently does not markedly affect variables associated
with chronic inflammatory stress in animal models.15,16

This suggests that dietary magnesium deficiency is not
the primary cause of chronic diseases for which chronic
low-grade inflammation is thought to be a major factor.
However, some animal findings indicate moderate mag-
nesium deficiency can enhance the inflammatory or oxi-
dative stress induced by other factors. Such findings
suggest that subclinical magnesium deficiency may play a
contributory role in many pathological conditions by
affecting the severity or presence of chronic inflamma-
tory stress, which also results in oxidative stress.

Limited animal experiments have shown that a
period of prolonged subclinical magnesium deprivation
that results in no or minor abnormalities can have
marked pathological consequences when some type of
stress is applied. Over 50 years ago, Hegsted et al.16

found that growth of rats fed 250 mg (10.3 mmol)
magnesium/kg diet (50% of their requirement) was not
depressed. However, when the rats were maintained in a
cold environment (13°C), growth was depressed in com-
parison with rats fed adequate amounts of magnesium. In
one experiment,17 all six rats that were stressed further by
feeding a diet high in calcium died within 24 days; all six
rats in each of two groups fed adequate or higher
amounts of magnesium survived. Recently, Chaudhary
et al.18 found that 90 mg (3.70 mmol) magnesium/kg diet
fed to rats, which metabolize fructose differently than
humans, increased lipid peroxidation and decreased anti-
oxidant enzymes (superoxide dismutase, glutathione-S-
transferase, and catalase) more when the rats were fed
high amounts of dietary sucrose instead of starch
(increased oxidatived stress).19 High dietary sucrose and
fructose have also been found to increase indicators of

chronic inflammation and oxidative stress in severely
magnesium-deprived rats.20,21 Adrian et al.22 found that a
long-term moderate magnesium deficiency (150 mg
[6.2 mmol] magnesium/kg diet) during aging (which
results in increased cardiovascular risks) increased the
risks of increased blood pressure and aorta media thick-
ness with increased collagen content and elastin/collagen
ratio, which leads to large artery rigidity.

In addition to inflammatory and/or oxidative stress
enhancing or inducing obvious abnormalities in sub-
clinical or moderate magnesium deficiency, animal
experiments have shown that preventing oxidative or
inflammatory stress can prevent or alleviate signs of mag-
nesium deficiency. Magnesium deficiency results in the
release of a pro-inflammatory neuropeptide, substance
P, from neuronal stores, which subsequently results in a
cascade of pro-inflammatory/pro-oxidative events in
multiple tissues and organs.23 Treatment with a specific
substance P receptor blocker (L-703606) substantially
attenuated the inflammatory and oxidative stress
responses to almost normal in rats that were fed 90 mg
(3.70 mmol) magnesium/kg diet for 3 weeks.23 In addition,
treatment with antioxidant drugs and nutrients (vitamin
E, propranolol, and probucol) was found to diminish the
development of focal myocardial inflammatory lesions in
rats under similar magnesium-deficient conditions.24–27

Estrogen, which is anti-inflammatory, was found to
protect male rats from the adverse effects of magnesium
deficiency.28 This effect is consistent with the finding that
female rats are less susceptible to inflammation induced by
magnesium deficiency than males.28 Recently,Rude et al.29

found that knockout of the inflammatory cytokine tumor
necrosis factor-a (TNFa) receptor in mice reduced the
adverse effects of magnesium deficiency on bone.

MAGNESIUM DEFICIENCY AND CHRONIC
INFLAMMATION IN HUMANS

Human studies also indicate that a low magnesium status
is associated with increased inflammatory and oxidative
stress. C-reactive protein (CRP) is a well-documented
indicator of low-grade or chronic inflammation.30 Several
studies have found that magnesium intake was inversely
related to elevated serum or plasma CRP. An analysis of
5,007 child participants (age range: 6–17 years) in the
1999–2002 NHANES found that children consuming less
than 75% the RDA were 1.94 times more likely to have
elevated serum CRP than children consuming more than
the RDA for magnesium.31 A similar analysis of 1999–
2002 NHANES data for 5,773 adults aged >17 years found
a 1.48–1.75 times increased likelihood of elevated serum
CRP for those consuming less than the RDA for magne-
sium.32 The odds ratio for an intake level less than 50% the
RDA was 1.75 with a 95% confidence interval of 1.08–
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2.87. The analysis also found that adults over the age of 40
years with a body mass index (BMI) >25 who consumed
less than 50% of the RDA for magnesium were 2.24 times
more likely to have elevated serum CRP.32 Among the
adults with dietary magnesium intakes less than 50% of
the RDA, individuals taking magnesium supplements of
at least 50 mg/day were 22% less likely to have elevated
serum CRP.33 A validated semiquantitative food question-
naire was used in a cross-sectional study of 1,653 Italian
adults between the ages of 45 and 64 years.34 An elevated
serum CRP (�3 mg/L) was found in 42.5% of adults in
the lowest magnesium intake tertile (median: 241.2 mg/
day); elevated serum CRP was found only in 18.3% and
14.4% of subjects in the upper two tertiles (median
intakes of 308.2 and 397.9 mg/day, respectively). In a
cross-sectional study of 657 women aged 43–69 years in
the Nurses’ Health Study, an age-adjusted linear regres-
sion analysis found that magnesium intake was inversely
associated with plasma CRP concentration.35 Recently, a
linear regression analysis of 3,173 postmenopausal
women aged 50–79 years in the Women’s Health Initia-
tive Observational Study found that magnesium intake, as
assessed with a semiquantitative food questionnaire, was
inversely associated with three plasma inflammatory
biomarkers – CRP, TNFa-R2, and interlukin-6 (IL-6).36

Low serum magnesium concentrations have also been
shown to be associated with elevated CRP. In a cross-
sectional study of 488 apparently healthy Mexican chil-
dren, 109 (22.3%) and 101 (20.7%) had elevated serum
CRP and low serum magnesium, respectively; 87.1%
exhibited both.37 Adjusted multivariate logistic regression
analysis found an odds ratio of 4.1 (95% confidence inter-
val of 1.3–10.8) for an association between low serum
magnesium and elevated serum CRP. An inverse relation-
ship between serum magnesium and CRP concentrations
was found in 68 patients with heart failure; a 300 mg
(12.3 mmol)/day magnesium supplement attenuated the
elevated serum CRP.38 Low magnesium status is also often
found in people with the metabolic syndrome and type 2
diabetes,8,39,40 which are associated with higher plasma
CRP concentrations.41

CHRONIC LOW-GRADE INFLAMMATION IN OBESITY

Recently, some studies associating a low magnesium
status with chronic inflammatory stress have involved
obese subjects. Obesity, affecting over 35% of the US adult
population, is a major risk factor for chronic diseases that
have been associated with a low magnesium status, such
as type 2 diabetes, atherosclerosis, and cancer.11 The
seminal finding that TNF-a was overexpressed in adipose
tissue of obese mice provided the first evidence of a link
between obesity and chronic inflammation.42 Since then,
numerous experimental, epidemiological, and clinical

studies have confirmed that obesity is associated with
chronic low-grade inflammation and abnormal cytokine
production, increased acute-phase reactants, and activa-
tion of inflammatory signaling pathways involved in
obesity-related disease development.11 Obese adipose
tissue is infiltrated with macrophages, which are an
important source of inflammatory cytokines.43,44 In
humans, TNF-a expression is higher in adipose tissue
from obese than from lean individuals.45 Adipose tissue
also produces other proinflammatory factors such as
interleukin-6 (IL-6)46 and various adipokines that
mediate chronic inflammation, including leptin47 (pro-
inflammatory) and adiponectin48 (anti-inflammatory).
CRP production by the liver is regulated by TNF-a and
IL-6.

Abnormal amounts of circulating TNF-a, IL-6, CRP,
adiponectin, and leptin have been used to confirm the
association between obesity and chronic inflammation in
humans. For example, in a cross-sectional study of 16,573
individuals in the third NHANES study (1988–1994),
logistic regression analysis showed that odds ratios for an
elevated serum CRP concentration among individuals
with a body mass index (BMI) of 25–<30, 30–<35, 35–<40
and �40 were 1.51, 3.9, 6.11, and 9.30, respectively.49 In a
cross-sectional study, CRP, IL-6, and leptin increased sig-
nificantly with increasing adiposity.50 Circulating adi-
ponectin was found to be decreased by obesity.51

MAGNESIUM DEFICIENCY IN OBESITY

Several studies have indicated that a low magnesium
status in obesity is associated with chronic inflammation
indicators, or with diseases with a chronic inflammation
component. In a cross-sectional population-based study
of 192 subjects,52 91 had elevated serum concentrations of
TNF-a; 7 (10.9%) with lean BMIs <25, 31 (48.4%) with
overweight BMIs �25–<30, and 43 (67.2%) with obese
BMIs �30. The multivariate odds ratios between low
serum magnesium and elevated TNF-a concentrations in
obese subjects was 1.8 (P = 0.001), whereas in lean and
overweight individuals, the ratios were 1.1 (P = 0.12) and
1.3 (P = 0.09), respectively. Corica et al.53 found that 12
hypertensive obese subjects had significantly lower
plasma magnesium concentrations than 25 non-obese
healthy volunteers, while 26 normotensive obese subjects
did not. This finding is consistent with magnesium
supplementation lowering blood pressure in hyperten-
sive, but not in normotensive, overweight Korean adults.54

Corica et al.53 also found a significant negative correlation
between waist-to-hip ratio and plasma magnesium in
obese subjects. Huerta et al.55 found that serum magne-
sium was significantly lower in 24 obese children than in
24 sex and puberty-matched lean controls. The obese
children also exhibited increased fasting insulin and
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homeostasis model assessment (HOMA) of insulin resis-
tance, and decreased quantitative insulin sensitivity check
index (QUICKI). Both serum magnesium and dietary
magnesium were inversely correlated with fasting insulin
and positively correlated with QUICKI.

MECHANISM OF ACTION OF MAGNESIUM DEFICIENCY
IN INFLAMMATION AND OBESITY

Why chronic low-grade inflammation develops in obesity
is not well understood. Not all obese people have
increased indicators of inflammatory stress; thus, other
factors including nutritional factors may be involved in
its development. Because a low magnesium status appar-
ently occurs more often in obese than non-obese indi-
viduals,52,53,55,56 one of the stressors causing the activation
of inflammatory pathways may be magnesium deficiency.
There is no question that severe magnesium deprivation,
which rapidly decreases extracellular magnesium, results
in an inflammatory response in animals.14 The inflamma-
tory response most likely is caused by an increase in intra-
cellular calcium and the priming of phagocytic cells,
which results in the release of inflammatory cytokines.14

However, dietary magnesium deficiency severe enough to
cause a marked drop in extracellular magnesium in a few
days is unlikely in humans. Nonetheless, animal defi-
ciency findings support the suggestion that subclinical
magnesium deficiency can cause, or contribute to,
chronic inflammatory stress in humans through an effect
on the cellular entry of calcium and its signaling that
results in the release of inflammatory neuropeptides,
cytokines, prostaglandins, and leukotrienes.57,58 Even a
minor reduction in extracellular magnesium may be
enough to increase intracellular calcium, especially if
another factor is present that affects the mechanism
through which magnesium regulates calcium entry. One
of these mechanisms is the N-methyl-D-aspartate
(NMDA) receptor. A reduction in extracellular magne-
sium lowers the threshold levels of excitatory amino acids
(e.g., glutamate) needed to activate this receptor. Activa-
tion of this receptor allows the influx of calcium into the
cell. The importance of the NMDA receptor in the
inflammatory response to magnesium deficiency is
indicated by the finding that NMDA receptor blockade
decreased pro-inflammatory prostaglandin E2 in plasma
and inhibited cardiac inflammation indicators in the
heart, which were induced by magnesium deficiency in
the rat.59 An NMDA antagonist also prevented hyperal-
gesia in rats.60 Obesity may accentuate the low extracel-
lular magnesium effect through adipose tissue increasing
circulating leptin.61 Leptin enhances NMDA receptor
activation.62

Decreased intracellular magnesium affecting cellular
calcium handling may be another mechanism through

which a subclinical magnesium deficiency can influence
inflammatory stress. Intracellular magnesium can
decrease without a marked change in plasma magnesium
in humans fed a moderately magnesium-deficient diet.
This is evidenced by decreased erythrocyte magnesium
without much change in serum magnesium in women fed
a moderately magnesium-deficient diet in carefully con-
trolled metabolic unit studies.63,64 The moderate magne-
sium deprivation (approximately 107 mg/day for 72 days)
decreased urinary calcium excretion and increased
calcium balance without affecting plasma calcium con-
centration in postmenopausal women, which suggests
intracellular calcium retention.64 This is consistent with
an animal study showing that a moderate magnesium
deficiency (220 mg/kg diet for 10 weeks) increased
calcium absorption and balance in rats.65 It has been pos-
tulated that calcium channels are controlled by regulatory
gates that have binding sites for magnesium. Magnesium
binding to the gate of the calcium channel blocks calcium
influx into the cell. Low intracellular magnesium results
in decreased blocking of the gate and increases in calcium
influx.66

Aberrations in calcium channels affecting the
amount of ionized calcium in the cell have been reported
to occur in obesity.67–71 Increased intracellular calcium
has been found in animal models of obesity72,73 and in
adipocytes of obese humans.74,75 Thus, changes in calcium
handling may be responsible for some of the chronic
inflammatory stress in obesity. Because magnesium has a
regulatory role in calcium channel gates, changes in intra-
cellular calcium handling in obesity may be exaggerated
by low intracellular magnesium or small declines in
extracellular magnesium induced by a subclinical magne-
sium deficiency. The relationship between magnesium
and cellular calcium handling suggests further study is
needed to determine whether subclinical magnesium
deficiency can have pathological implications in condi-
tions in which intracellular calcium or calcium signaling
is abnormal; one of these conditions is obesity.

MODIFICATION OF THE INFLAMMATORY RESPONSE TO
SUBCLINICAL MAGNESIUM DEFICIENCY

It should be emphasized that the study of the contribu-
tion of subclinical magnesium deficiency to chronic
inflammation and resultant oxidant stress causing
chronic disease will be challenging because these effects
can be ameliorated by numerous other nutritional
factors. As indicated above, animal experiments have
shown that signs of magnesium deficiency can be
ameliorated or prevented by antioxidant and/or anti-
inflammatory factors. This suggests that the anti-
inflammatory or antioxidant effects of numerous dietary
factors could act by preventing inflammatory stress
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induced by a marginal-to-moderate magnesium defi-
ciency. Among these dietary factors that ameliorate
inflammatory and/or oxidative stress in obesity are
omega-3 long-chain polyunsaturated fatty acids,76,77

coenzyme Q10,78 and phytochemicals in foods such as
blueberries,79 cherries,80 grape seed,81 and green tea.82

Also, as indicated above, animal experiments indi-
cate that inflammatory and oxidative stress induced by
magnesium deprivation may be exaggerated by dietary
conditions that would have an effect similar to that of
high intakes of sucrose and fructose in rats;83 other
dietary conditions with roles in obesity may include low
intakes of vitamin A,84 vitamin C,50 and zinc.84 Both low
and high dietary intakes of calcium may exaggerate the
response to subclinical magnesium deficiency. Low
calcium intake can lead to a 1,25-dihydroxyvitamin

D-mediated increase in intracellular ionized calcium
concentrations,85 which, as indicated above, can lead to
inflammatory stress. High dietary calcium apparently
interferes with the transport of magnesium across the cell
membrane of non-excitable cells, such as those involved
in intestinal transport. This interference is supported by
findings such as the following: children who consumed
the RDA for magnesium were in negative magnesium
balance if their calcium intake was high.86 Calcium appar-
ently competes with magnesium in a ubiquitously
expressed constitutive ion channel, transient receptor
potential melastatin 7 (TRPM7), which plays a central
role in magnesium homeostasis.9,87 Exacerbation of a low
magnesium status may have contributed to the finding
that calcium supplementation increased vascular events
in postmenopausal women.88

Figure 1 Proposed relationships among magnesium deficiency, inflammatory and oxidative stress, and obesity result-
ing in increased risk for chronic disease such as atherosclerosis, osteoporosis, and diabetes.
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CONCLUSION

The above review does not give a clear indication of the
extent to which dietary magnesium deficiency-induced
pathobiological conditions may occur in the 60% of the
adult US population consuming less than the RDA for
magnesium in the United States. It also does not refute the
conclusion that there is little evidence of specific patho-
logical conditions being caused only by dietary magne-
sium intakes that are below the RDA. However, the
findings above reveal there is a basis for marginal-to-
moderate dietary magnesium deficiency contributing sig-
nificantly to the occurrence of diseases with a chronic
inflammatory stress component, such as atherosclerosis,
hypertension, osteoporosis, diabetes mellitus, and cancer;
the findings may also explain why epidemiological and
correlation studies have shown a low magnesium status is
associated with these diseases. The suggestion that a sub-
clinical magnesium deficiency can exaggerate inflamma-
tory stress may be especially significant in obesity, which
is characterized as having a chronic low-grade inflamma-
tion component and increased incidence of a low
magnesium status. The possible relationships among
magnesium, inflammation, obesity, and chronic disease
are summarized in Figure 1.

Studies to further clarify the role of magnesium in
obesity and comorbid conditions, and factors that affect
that role, are needed to establish whether or not dietary
magnesium deficiency is a significant nutritional
concern. Meanwhile, it seems prudent to encourage
intakes of magnesium near the RDA, particularly for indi-
viduals with physiological or nutritional characteristics
that make them prone to increased inflammatory and/or
oxidative stress.

Acknowledgments

Declaration of interest. The author has no relevant inter-
ests to declare.

REFERENCES

1. Food and Nutrition Board, Institute of Medicine. Dietary Ref-
erence Intakes for Calcium, Phosphorus, Magnesium, Vitamin D,
and Fluoride. Washington DC: National Academy Press;
1997:190–249.

2. Moshfegh A, Goldman J, Ahuja J, Rodes D, LaComb R. What
We Eat in America, NHANES 2005–2006: Usual Nutrient
Intakes from Food and Water Compared to 1997 Dietary
Reference Intakes for Vitamin D, Calcium, Phosphorus, and
Magnesium. US Department of Agriculture, Agricultural
Research Service; 2009. Available at: http://www.ars.
usda.gov/ba/bhnrc/fsrg. Accessed November 2009.

3. Food and Agriculture Organization/World Health Organiza-
tion. Vitamin and Mineral Requirements in Human Nutrition,

2nd ed. Geneva: Food and Agriculture Organization/ World
Health Organization; 2004:217–228.

4. Ma J, Folsom AR, Melnick SL, et al. Associations of serum and
dietary magnesium with cardiovascular disease, hyperten-
sion, diabetes, insulin, and carotid arterial wall thickness: the
ARIC study. Atherosclerosis Risk in Communities Study. J Clin
Epidemiol. 1995;48:927–940.

5. Abbott RD, Ando F, Masaki KH, et al. Dietary magnesium
intake and the future risk of coronary heart disease (The
Honolulu Heart Program). Am J Cardiol. 2003;92:665–669.

6. Touyz RM. Role of magnesium in the pathogenesis of hyper-
tension. Mol Aspects Med. 2003;24:107–136.

7. Rude RK, Singer FR, Gruber HE. Skeletal and hormonal effects
of magnesium deficiency. J Am Coll Nutr. 2009;28:131–141.

8. Barbagallo M, Dominguez LJ, Galioto A, et al. Role of magne-
sium in insulin action, diabetes and cardio-metabolic syn-
drome X. Mol Aspects Med. 2003;24:39–52.

9. Dai Q, Shrubsole MJ, Ness RM, et al. The relation of magne-
sium and calcium intakes and a genetic polymorphism in the
magnesium transporter to colorectal neoplasia risk. Am J Clin
Nutr. 2007;86:743–751.

10. Leone N, Courbon D, Ducimetiere P, Zureik M. Zinc, copper,
and magnesium and risks for all-cause, cancer, and cardiovas-
cular mortality. Epidemiology. 2006;17:308–314.

11. Hotamisligil GS. Inflammation and metabolic disorders.
Nature. 2006;444:860–867.

12. Libby P. Inflammatory mechanisms: the molecular basis of
inflammation and disease. Nutr Rev. 2007;65(Suppl):S140–
S146.

13. Kruse HD, Orent ER, McCollum EV. Studies on magnesium
deficiency in animals. I. Symptomatology resulting from
magnesium deprivation. J Biol Chem. 1932;96:519–539.

14. Mazur A, Maier JAM, Rock E, Gueux E, Nowacki W,
Rayssiguier Y. Magnesium and the inflammatory response:
potential physiopathological implications. Arch Biochem
Biophys. 2007;458:48–56.

15. Vormann J, Günther T, Höllriegl V, Schümann K. Pathobio-
chemical effects of graded magnesium deficiency in rats. Z
Ernährungswiss. 1998;37(Suppl 1):92–97.

16. Kramer JH, Mak IT, Phillips TM, Weglicki WB. Dietary magne-
sium intake influences circulating pro-inflammatory neu-
ropeptide levels and loss of myocardial tolerance to
postischemic stress. Exp Biol Med. 2003;228:665–673.

17. Hegsted DM, Vitale JJ, McGrath H. The effect of low tempera-
ture and dietary calcium upon magnesium requirement. J
Nutr. 1956;58:175–188.

18. Chaudhary DP, Boparai RK, Bansal DD. Implications of oxida-
tive stress in high sucrose low magnesium diet fed rats. Eur J
Nutr. 2007;46:383–390.

19. Busserolles J, Rock E, Gueux E, Mazur A, Grolier P,
Rayssiguier Y. Short term consumption of high sucrose
diet has a pro-oxidant effect in rats. Br J Nutr. 2002;87:337–
342.

20. Busserolles J, Gueux E, Rock E, Mazur A, Rayssiguier Y. High
fructose feeding of magnesium deficient rats is associated
with increased plasma triglyceride concentration and
increased oxidative stress. Magnes Res. 2003;16:7–12.

21. Rayssiguier Y, Gueux E, Nowacki W, Rock E, Mazur A. High
fructose consumption combined with low dietary magne-
sium intake may increase the incidence of the metabolic
syndrome by inducing inflammation. Magnes Res. 2006;19:
237–243.

22. Adrian M, Chanut E, Laurant P, Gaume V, Berthelot A. A long-
term moderate magnesium-deficient diet aggravates cardio-

Nutrition Reviews® Vol. 68(6):333–340338



vascular risks associated with aging and increases mortality
in rats. J Hypertens. 2008;26:44–52.

23. Mak IT, Kramer JH, Weglicki WB. Suppression of neutrophil
and endothelial activation by substance P receptor blockade
in the Mg-deficient rat. Magnes Res. 2003;16:91–97.

24. Atrakchi AH, Bloom S, Dickens BF, Mak IT, Weglicki WB. Hypo-
magnesemia and isoproterenol cardiomyopathies: protec-
tion by Probucol. J Cardiovasc Pathol. 1992;1:155–160.

25. Freedman AM, Atrakchi AH, Cassidy MM, Weglicki WB. Mag-
nesium deficiency-induced cardiomyopathy: protection by
vitamin E. Biochem Biophys Res Comm. 1990;170:1102–1106.

26. Freedman AM, Cassidy MM, Weglicki WB. Propranolol
reduces cardiomyopathic injury induced by magnesium defi-
ciency. Magnes Trace Elem. 1992;10:348–354.

27. Weglicki WB, Freedman AM, Bloom S, et al. Antioxidants and
the cardiomyopathy of Mg-deficiency. Am J Cardiovasc
Pathol. 1992;4:210–215.

28. Bussière F, Gueux E, Rock E, Mazur A, Rayssiguier Y. Female
rats are less susceptible to inflammation induced by magne-
sium deficiency than males: the influence of estrogen. In:
Rayssiguier Y, Mazur A, Durlach J, eds. Advances in Magne-
sium Research: Nutrition and Health. Eastleigh: John Libbey;
2001:313–314.

29. Rude RK, Wei L, Norton HJ, Lu SS, Dempster DW, Gruber HE.
TNFa receptor knockout in mice reduces adverse effects of
magnesium deficiency in bone. Growth Factors. 2009;27:
370–376.

30. Ridker PM. Inflammatory biomarkers and risks of myocardial
infarction, stroke, diabetes, and total mortality: implications
for longevity. Nutr Rev. 2007;65(Suppl):S253–S259.

31. King DE, Mainous AG III, Geesey ME, Ellis T. Magnesium intake
and serum C-reactive protein levels in children. Magnes Res.
2007;20:32–36.

32. King DE, Mainous AG III, Geesey ME, Woolson RF. Dietary
magnesium and C-reactive protein levels. J Am Coll Nutr.
2005;24:166–171.

33. King DE, Mainous AG III, Geesey ME, Egan BM, Rehman S.
Magnesium supplement intake and C-reactive protein levels
in adults. Nutr Res. 2006;26:193–196.

34. Bo S, Durazzo M, Guidi S, et al. Dietary magnesium and fiber
intakes and inflammatory and metabolic indicators in
middle-aged subjects from a population-based cohort. Am J
Clin Nutr. 2006;84:1062–1069.

35. Song Y, Li TY, van Dam RM, Manson JE, Hu FB. Magnesium
intake and plasma concentrations of markers of systemic
inflammation and endothelial dysfunction in women. Am J
Clin Nutr. 2007;85:1068–1074.

36. Chacko SA, Song Y, Nathan L, et al. Relations of dietary mag-
nesium intake to biomarkers of inflammation and endothe-
lial dysfunction in an ethnically diverse cohort of
postmenopausal women. Diabetes Care. 2010;33:304–310.

37. Rodriguez-Morán M, Guerrero-Romero F. Serum magnesium
and C-reactive protein levels. Arch Dis Childhood. 2008;
93:676–680.

38. Almoznino-Sarafian D, Berman S, Mor A, et al. Magnesium
and C-reactive protein in heart failure: an anti-inflammatory
effect of magnesium administration? Eur J Nutr. 2007;46:
230–237.

39. He K, Liu K, Daviglus ML, Morris SJ, et al. Magnesium intake
and incidence of metabolic syndrome among young adults.
Circulation. 2006;113:1675–1682.

40. Corica F, Corsonello A, Ientile R, et al. Serum ionized magne-
sium levels in relation to metabolic syndrome in type 2 dia-
betic patients. J Am Coll Nutr. 2006;25:210–215.

41. Pradhan A. Obesity, metabolic syndrome, and type 2 diabe-
tes: inflammatory basis of glucose metabolic disorders. Nutr
Rev. 2007;65(Suppl):S152–S156.

42. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expres-
sion of tumor necrosis factor-alpha: direct role in obesity-
linked insulin resistance. Science. 1993;259:87–91.

43. Xu H, Barnes GT, Yang Q, et al. Chronic inflammation in fat
plays a crucial role in the development of obesity-related
insulin resistance. J Clin Invest. 2003;112:1821–1830.

44. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL,
Ferrante AW Jr. Obesity is associated with macrophage accu-
mulation in adipose tissue. J Clin Invest. 2003;112:1796–
1808.

45. Hotamisligil GS, Arner P, Caro JF, Atkinson RL,
Speiegelman BM. Increased adipose tissue expression of
tumor necrosis factor-a in human obesity and insulin resis-
tance. J Clin Invest. 1995;95:2409–2415.

46. Wellen KE, Hotamisligil GS. Inflammation, stress, and diabe-
tes. J Clin Invest. 2005;115:1111–1119.

47. Canavan B, Salem RO, Schurgin S, et al. Effects of physiologi-
cal leptin administration on markers of inflammation, plate-
let activation, and platelet aggregation during caloric
restriction. J Clin Endocrinol Metab. 2005;90:5779–5785.

48. Ouchi N, Kihara S, Arita Y, et al. Adiponectin, an adipocytes-
derived plasma protein, inhibits endothelial NF-kB signaling
through a cAMP-dependent pathway. Circulation. 2000;102:
1296–1301.

49. Ford ES. Body mass index, diabetes, and C-reactive protein
among U.S. adults. Diabetes Care. 1999;12:1971–1977.

50. Aeberli I, Molinari L, Spinas G, Lehmann R, L’Allemand D,
Zimmerman MB. Dietary intakes of fat and antioxidant vita-
mins are predictors of subclinical inflammation in overweight
Swiss children. Am J Clin Nutr. 2006;84:748–755.

51. Arita Y, Kihara S, Ouchi N, et al. Paradoxical decrease of an
adipose-specific protein, adiponectin, in obesity. Biochem
Biophys Res Commun. 1999;257:79–83.

52. Rodríguez-Morán M, Guerrero-Romero F. Elevated concen-
trations of TNF-alpha are related to low serum magnesium
levels in obese subjects. Magnes Res. 2004;17:189–196.

53. Corica F, Allegra A, Ientile R, Buemi M. Magnesium concen-
trations in plasma, erythrocytes, and platelets in hyperten-
sive and normotensive obese patients. Am J Hypertens.
1997;10:1311–1313.

54. Lee S, Park HK, Son SP, Lee CW, Kim IJ, Kim HJ. Effects of oral
magnesium supplementation on insulin sensitivity and
blood pressure in nomomagnesmic nondiabetic overweight
Korean adults. Nutr Metab Cardiovasc Dis. 2009;19:781–
788.

55. Huerta MG, Roemmich JN, Kington ML, et al. Magnesium
deficiency is associated with insulin resistance in obese chil-
dren. Diabetes Care. 2005;28:1175–1181.

56. Corica F, Allegra A, Ientile R, et al. Changes in plasma, eryth-
rocyte, and platelet magnesium levels in normotensive and
hypertensive obese subjects during oral glucose tolerance
test. Am J Hypertens. 1999;12:128–136.

57. Tejero-Taldo MI, Kramer JH, Mak IT, Komarov AM,
Weglicki WB. The nerve-heart connection in the pro-oxidant
response to Mg-deficiency. Heart Fail Rev. 2006;11:35–
44.

58. Calder PC. n-3 polyunsaturated fatty acids, inflammation, and
inflammatory diseases. Am J Clin Nutr. 2006;83(Suppl):
S1505–S1519.

59. Tejero-Taldo MI, Chmielinska JJ, Gonzalez G, Mak IT,
Weglicki WB. N-Methyl-D-aspartate receptor blockade inhib-

Nutrition Reviews® Vol. 68(6):333–340 339



its cardiac inflammation in the Mg2+-deficient rat. J Pharma-
col Exp Therapeut. 2004;311:8–13.

60. Alloui A, Begon S, Chassaing C, et al. Does Mg2+ deficiency
induce a long-term sensitization of the central nociceptive
pathways? Eur J Pharmacol. 2003;469:65–69.

61. Considine RV, Sinha MK, Heiman ML, et al. Serum
immunoreactive-leptin concentrations in normal-weight and
obese humans. N Engl J Med. 1996;334:292–295.

62. Durakoglugil M, Irving AJ, Harvey J. Leptin induces a novel
form of NMDA receptor-dependent long-term depression. J
Neurochem. 2005;95:396–405.

63. Lukaski HC, Nielsen FH. Dietary magnesium depletion affects
metabolic responses during submaximal exercise in post-
menopausal women. J Nutr. 2002;132:930–935.

64. Nielsen FH, Milne DB, Gallagher S, Johnson L, Hoverson B.
Moderate magnesium deprivation results in calcium
retention and altered potassium and phosphorus excretion
by postmenopausal women. Magnes Res. 2007;20:19–
31.

65. Planells E, Aranda P, Perán F, Llopis J. Changes in calcium and
phosphorus absorption and retention during long-term
magnesium deficiency in rats. Nutr Res. 1993;13:691–
699.

66. Agus MSD, Agus ZS. Cardiovascular actions of magnesium.
Crit Care Clin. 2001;17:175–186.

67. Bruton JD, Katz A, Lännergren J, Abbate F, Westerblad H.
Regulation of myoplasmic Ca(2+) in genetically obese (ob/
ob) mouse single skeletal muscle fibers. Pflugers Arch.
2002;444:692–699.

68. Guermouche B, Yessoufou A, Soulimane N, et al. n-3 fatty
acids modulate T-cell calcium signaling in obese macrosomic
rats. Obes Res. 2004;12:1744–1753.

69. Nakata M, Maruyama I, Yada T. Leptin potentiates ADP-
induced [Ca(2+)] (i) increase via JAK2 and tyrosine kinases in
a megakaryoblast cell line. Diabetes Res Clin Pract. 2005;
70:209–216.

70. Dong F, Zhang X, Yang X, et al. Impaired cardiac contractile
function in ventricular myocytes from leptin-deficient ob/ob
obese mice. J Endrocrinol. 2006;188:25–36.

71. Latham JR, Pathirathna S, Jagodic MM, et al. Selective T-type
calcium channel blockade alleviates hyperalgesia in ob/ob
mice. Diabetes. 2009;58:2656–2665.

72. Zemel MB, Sowers JR, Shehin S, Walsh MF, Levy J. Impaired
calcium metabolism associated with hypertension in Zucker
obese rats. Metabolism. 1990;39:704–708.

73. Lima-Leopoldo AP, Sugizaki MM, Leopoldo AS, et al. Obesity
induces upregulation of genes involved in myocardial Ca2+

handling. Braz J Med Biol Res. 2008;41:615–620.
74. Xue B, Moustaid-Moussa N, Wilkison WO, Zemel MB. The

agouti gene product inhibits lipolysis in human adipocytes

via a Ca2+-dependent mechanism. FASEB J. 1998;12:1391–
1396.

75. Xue B, Wilkison WO, Mynatt RL, Moustaid N, Goldman M,
Zemel MB. The agouti gene product stimulates pancreatic
[beta]-cell Ca2+ signaling and insulin release. Physiol
Genomics. 1999;1:11–19.

76. Calder PC, Albers R, Antoine JM, et al. Inflammatory disease
processes and interactions with nutrition. Br J Nutr. 2000;
101(Suppl):S1–S45.

77. Robinson LE, Buchholz AC, Mazurak VC. Inflammation,
obesity, and fatty acid metabolism: influence of n-3 polyun-
saturated fatty acids on factors contributing to metabolic
syndrome. Appl Physiol Nutr Metab. 2007;32:1998–1024.

78. Sohet FM, Neyrinck AM, Pachikian BD, et al. Coenzyme Q10
supplementation lowers hepatic oxidative stress and inflam-
mation associated with diet-induced obesity in mice.
Biochem Pharmacol. 2009;78:1391–1400.

79. DeFuria J, Bennett G, Strissel KJ, et al. Dietary blueberry
attenuates whole-body insulin resistance in high fat-fed mice
by reducing adipocytes death and its inflammatory sequelae.
J Nutr. 2009;139:1510–1516.

80. Seymour EM, Lewis SK, Urcuyo-Llanes DE, et al. Regular tart
cherry intake alters abdominal adiposity, adipose gene tran-
scription, and inflammation in obesity-prone rats fed a high
fat diet. J Med Food. 2009;12:935–942.

81. Terra X, Montagut G, Bustos M, et al. Grape-seed procyanidins
prevent low-grade inflammation by modulating cytokine
expression in rats fed a high-fat diet. J Nutr Biochem.
2009;20:210–218.

82. Bose M, Lambert JD, Ju J, Reuhl KR, Shapses SA, Yang CS. The
major green tea polyphenol, (-)-epigallocatechin-3-gallate,
inhibits obesity, metabolic syndrome, and fatty liver disease
in high-fat-fed mice. J Nutr. 2008;138:1677–1683.

83. Lee O, Bruce WR, Dong Q, Bruce J, Mehta R, O’Brien PJ. Fruc-
tose and carbonyl metabolites as endogenous toxins. Chem
Biol Interact. 2009;178:332–339.

84. García OP, Long KZ, Rosado JL. Impact of micronutrient defi-
ciencies on obesity. Nutr Rev. 2009;67:559–572.

85. Zemel MB, Sun X. 1Alpha, 25-dihydroxyvitamin D3 modula-
tion of adipocytes reactive oxygen species production.
Obesity. 2007;15:1944–1953.

86. Abrams SA, Grusak MA, Stuff J, O’Brien KO. Calcium and mag-
nesium balance in 9–14-y-old children. Am J Clin Nutr.
1997;66:1172–1177.

87. Schmitz C, Perraud AL, Johnson CO, et al. Regulation of ver-
tebrate cellular Mg2+ homeostasis by TRPM7. Cell. 2003;
114:191–200.

88. Bolland MJ, Barber PA, Doughty RN, et al. Vascular events in
healthy older women receiving calcium supplementation: a
randomized controlled trial. BMJ. 2008;336:262–266.

Nutrition Reviews® Vol. 68(6):333–340340


